The recently sequenced genome of the honey bee (Apis mellifera) has produced 10157 predicted protein sequences, calling for a computational effort to extract biological insights from them. We have applied an unsupervised hierarchical protein clustering method, which was previously used in the ProtoNet system, to nearly 200,000 proteins consisting of the predicted honey bee proteins, the SwissProt protein database and the complete set of proteins of the mouse (Mus musculus) and the fruit fly (Drosophila melanogaster). The hierarchy produced by this method has been entitled ProtoBee. In ProtoBee the proteins are hierarchically organized into 18936 separate tree hierarchies, each representing a protein functional family. By using the mouse and Drosophila genomes as reference, we are able to highlight functional groups of putative gene-loss events, putative novel proteins of unique functionality and bee-specific paralogs. We have studied some of the ProtoBee findings and suggest their biological relevance. Examples include a group of paralogs possibly involved in complementary sex determination, novel opsin genes and nuclear matches of mitochondrial genes. The organization of bee sequences into functional clusters suggests a natural way of automatically inferring functional annotation. Following this notion, we were able to assign functional annotation to 70% of the sequences. ProtoBee is available at: www.protobee.cs.huji.ac.il
Introduction
Comparative genomics are heavily based on computational methods. These methods provide not only automation for handling the immense amount of data held within whole genomes, but also a means of highlighting biologically-interesting differences between genomes. The recently sequenced genome of the honey bee Apis mellifera (reference to be added) poses an excellent instance for comparative computational analysis, in order to identify unique bee phenomena at the genomic and proteomic levels.
ProtoNet is a hierarchical organization of over one million protein sequences (Kaplan et al. 2005 ). The hierarchy is based on an automatic unsupervised clustering method, which groups proteins according to their sequence similarity to each other. The resulting hierarchy consists of protein clusters that are arranged into several trees. Each such tree represents a protein family at various functional levels, from the level of very general superfamilies (represented by the roots of the trees) to the level of very specialized subfamilies (represented by the leaves).
This method has been shown previously to produce both hierarchies and clusters that are highly coherent with several impartial biological data sources (Kaplan et al. 2004) .
We have applied the method used in ProtoNet to 199,343 proteins consisting of the GLEAN3 set of predicted bee proteins (reference to be added), the SwissProt protein database (Bairoch et al. 2005 ) and the complete set of proteins of the mouse Mus musculus and the fruit fly Drosophila melanogaster from TrEMBL complementary database. The SwissProt database acts as a high-quality scaffold of the protein sequence space, spanning several different taxonomical and functional areas. While the SwissProt database is manually validated and thus extremely reliable, it does not contain whole genomes of complex eukaryotes. Thus, the additional mouse and Drosophila TrEMBL proteins (together with the mouse and Drosophila proteins in SwissProt) act as reference genomes of complex eukaryotes. By combining these, one can both achieve a global overview of the bee proteome and highlight unique aspects of the bee proteome with relative ease. Specifically, we show how one can identify clusters that suggest instances of either proteins of unique bee functionality, potential gene-loss events and bee-specific paralogs.
One key computational task for a newly sequenced genome is the automatic assignment of functional annotation to its predicted coding sequences. By annotation we are referring to biological terms describing functional aspects of proteins, which are obtained from a standardized vocabulary such as the Gene Ontology (GO) (Camon et al. 2004 , Harris et al. 2004 ), UniProt (Bairoch et al. 2005 ) keywords and InterPro domains.
Given that the hierarchies provided by the clustering method are biologically valid to a large extent (as previously demonstrated in (Kaplan et al. 2004 )), it is quite straightforward to exploit these hierarchies in order to infer protein annotation. This is done by using existing high-quality annotation on the UniProt proteins from several different sources. First, each cluster is assigned the annotations that represent its proteins. Next, each bee protein sequence receives the annotations of the cluster to which it belongs, and the annotations of all the cluster's parent clusters. By providing automatic annotation for the bee sequences we are able to complement the comparative view of the protein families.
A website that enables browsing and analysis of the ProtoBee hierarchy and classification is available at: www.protobee.cs.huji.ac.il
Results

ProtoBee hierarchy
The resulting hierarchy of the ~200,000 protein sequences contains 85579 clusters which are organized into 18936 separate trees. Each such tree is conjectured to represent a family of proteins which are functionally related. The proteins of each tree are all contained in its root cluster, therefore the terms 'tree' and 'root' will be used interchangeably. Before proceeding, it is crucial to stress that the bee sequences are based on computational prediction. This means that some of the predicted coding sequences may be either partially or even fully incorrect.
Furthermore, it is plausible that some proteins could be missing from the predicted set. On top of this, the clustering and annotation methods are also expected to possess some degree of error as expected of any automatic computational method. Although in order to properly distinguish between these possibilities each cluster has to be inspected manually, in some instances it is possible to systematically pinpoint clusters that are more likely to possess unique bee features. This is the approach by which we proceed. In order to gain a global taxonomic view of the bee proteome, we look at 2 different perspectives: (a) Protein-based view. Each one of the 10157 predicted bee sequences belongs to one of the roots. Other proteins assigned to the same root are considered to be homologs, belonging to the same functional family. For each protein, we check whether it has homologs from the mouse, fly or other organisms. (b) Root-based view.
There are 5095 roots that contain at least one of the 10157 bee proteins. For each such root, we check whether it contains proteins from the mouse, fly or other organisms in addition to the bee proteins. Figure 1 shows the summary of these results in a Venn diagram. As expected, a large majority (67%) of proteins have homologs both in mouse, fly and other organisms. However, in terms of roots these proteins are contained in 2539 roots which represent only 50% of the total amount of roots. This suggests that several of these roots represent families that possess some functional divergence in the form of paralogs. 87% of the proteins have fly homologs, and 82% of the proteins have mouse homologs.
One of the most interesting subset of proteins is the group of 159 proteins that do not have homologs from any organism. Since these proteins appear in 143 roots, most of them consist of only one bee protein. We expect these to be either bee proteins that have a unique functionality, highly diverged bee orthologs, gene prediction mistakes or sequences that could not be properly classified by ProtoBee. An interesting subset of these 159 proteins is the subset of proteins that belong to non-singleton clusters (i.e. consisting of more than one protein). The reason that these are especially interesting is that the chance of them being gene-prediction mistakes is significantly reduced. Such clusters are conjectured to consist of unique bee paralogs, created by gene duplication events that are unique to the bee. Table 1 shows a list of the 9 non-singleton clusters which contain only bee proteins.
Following this comparative overview and the identification of putative bee sequences that possess a unique functionality, we would like to focus on gene-loss events in the bee. A careful testing of individual genes has previously shown cases of possible gene lost in the bee genome (Whitfield et al. 2002) . The root clusters are used as our starting points. The 199,343 proteins in the database are contained in 18936 roots. From these, 2598 roots contain fly proteins but do not contain bee proteins. In the resulting list, it is difficult to separate these into putative bee gene-loss events and unique fly proteins. A third high-quality annotated insect genome would be helpful as a reference for separating these cases, but currently there is no such genome available (the Anopheles genome is not sufficient). Therefore, there are 2 possible approaches:
The first is to use the mouse genome as reference, and look at the subset of roots which contain Table   2 .
So far we have focused on two sets of proteins that are of special interest in a comparative study of the bee genome: proteins whose function is bee-specific and proteins that are missing in the bee due to gene-loss events. One other interesting case is that of paralog enrichment. In the case of paralogs, we would like to focus on protein families that are taxonomically imbalanced. Specifically, roots that contain a high ratio of bee:fly and bee:mouse proteins may suggest that there exist several paralogs in the bee that do not exist in the fly and mouse. In order to highlight taxonomically imbalanced clusters from we use a taxonomical balance score (TB score):
where bee(C) is the number of bee proteins in cluster C and fly(C) is the number of fly proteins in C. The score ranges from 1 (only bee proteins, no fly proteins) to 0 (no bee proteins, only fly proteins), 0.5 indicating an equal amount of fly and bee proteins. A score for bee:mouse ratio is derived in a similar manner. The taxonomical balance score for each cluster is available through the website.
Following the procedure described in Methods, 7131 out of 10157 (70%) bee sequences were assigned annotation. While, in terms of coverage, this is comparable with supervised methods, the fact that the annotation sources used (see Methods) are varied in terms of scope provides viewpoints at several levels of functionality. Namely, we are able to assign a wide range of annotations, from very general properties (e.g. 'signal transduction', 'metabolism') to very specific properties (e.g. 'glucose-6-phosphate isomerase'). However, the main goal of the automatic annotation effort is to complement the view of the individual protein families. For example, suppose that by using the comparative approach previously described we find that a protein cluster of polymerases does not contain bee orthologs. A natural question would be if bee polymerases can be found in other clusters. This can be easily examined by checking which bee proteins were annotated as polymerases. Figure 2 shows the distribution of annotated proteins into GO functional categories. A list summarizing the amount of proteins per annotation is available on the website.
Manual evaluation of the results
It is obvious that the full extent of the biological relevance of the results that are produced by this computational approach cannot be assessed without manual inspection of each and every prediction. Therefore, we proceed by providing an in-depth biological analysis of only some of the results.
We start by examining the set of fly + /insect + /bee -clusters (Table 2) . 15 out of these clusters are clusters contain multiple biological groups that are apparently unrelated (note that according to our annotation inference method, such clusters will not be used to infer annotations). However, it is apparent that in some instances these predictions are meaningful, considering the fact that they suggest specific functionally-related groups of proteins to be missing (such as mitochondrial proteins, chorion proteins, vision proteins and developmental proteins). Still it is crucial to note that not all biologically-coherent clusters necessarily indicate gene-loss events.
For example, in the case of glucose-6-phosphate isomerase (G6PI) the protein seems to be missing as it does not appear clustered with the Drosophila protein. G6PI is conserved amongst several species and crucial for glycolysis, so it is highly unlikely that it does not have a bee homolog. Sure enough, browsing the ProtoBee annotations we find that ProtoBee annotates one of the bee proteins as G6PI and this protein indeed seems to show very high similarity to G6PI proteins. Thus, we suggest that in order to determine whether a fly
indicative of a putative gene-loss one should complement the study of each such cluster with an examination of the corresponding annotations.
Mitochondrial proteins
The bee mitochondrion has been sequenced and is known to contain 13 genes (Crozier et al. 1993 ), all involved in oxidative phosphorylation: Cytochrome c oxidase (COX) (subunits 1,2,3), Cytochrome b, ATP synthase (subunits 6 and 8) and NADH dehydrogenase (ND) (subunits 1,2,3,4,4L,5,6). The 10157 predicted protein sequences in ProtoBee consisted only of nuclear DNA. Therefore, we would expect these proteins to appear to be missing and can use this group of proteins in order to evaluate the biological predictions made by ProtoBee. Table 1 shows that 10 out of the 13 genes are indeed predicted to be missing in bee. However, COX1, COX3 and ND1 do not appear in this list, indicating that either they have bee homologs in the nuclear DNA or that ProtoBee was unable to group these protein families correctly. Further inspection shows that the former is the case: in all 3 cases, bee sequences with significant homology are found. In the case of COX1, ProtoBee is able to correctly cluster the COX1 protein family into a unique tree. However one of the clusters in this tree also contains GB17755, a 30 amino-acid bee protein. While this protein seems to be a mistake in the gene prediction it indeed shows a high level of similarity (59% identity spanning all 30 amino acids)
to COX1 from algae (COX1_PROWI). A search through the bee genome found no evidence of this sequence being part of a missed COX1 ortholog. In the case of COX3, we find that the bee sequence GB11138 has been clustered in a cluster with COX3 and ubiquinol oxidase subunit 3 (UOX3) proteins. Interestingly, GB11138 shows the highest level of similarity (54% identity spanning ~90% of the protein) to UOX3 from Escherichia coli. Furthermore, the length of the proteins seems (206 amino acids) to match that of Escherichia coli UOX3 (204 proteins). This finding is also supported by InterProScan, which predicts this protein to be COX3. The notion of this sequence being either a COX3 or UOX3 nuclear homolog is especially puzzling in light of the fact that UOX proteins are not known to exist in metazoan and the COX proteins are known to appear only in mitochondria. While it is unlikely that the bee possesses a UOX complex (due to the fact that a genomic search showed no evidence of the existence of other subunits), it is also unclear why a nuclear homolog of COX3 would exist, considering the fact that COX3 is known to be coded in the mitochondrial DNA and no other COX subunit nuclear homologs were found. Computational prediction of cellular localization did not show evidence of this sequence being targeted to the mitochondria. Furthermore, no matching ESTs were found. We suggest that the high similarity to bacterial UOX and the fact that no homologs were found in Drosophila may be the result of a lateral gene-transfer event. The extent of this evolutionary process in the bee is yet unknown. In the case of ND1, we find that the bee sequence GB12194 was clustered in a cluster of ND1 orthologs. Surprisingly, a BLAST search using GB12194 as the query shows that the best matching sequence in UniProt is the sequence of the bee mitochondrial ND1 (84% identity on a region of over 60 amino acids). Searching the genome shows no sign that this is part of a highly-similar nuclear homolog of ND1. Therefore, we do not expect that this is an instance in which a high-similarity homolog was missed in the gene prediction process. Once again, no evidence of EST expression or mitochondrial targeting was found. In this case, a possible explanation might be the migration of the mitochondrial sequence to the nuclear DNA. While these results are biologically puzzling, it is apparent that the classifications made by ProtoBee in each of these instances were supported by other sources.
Opsins
Opsins are rhodopsin-like G-protein coupled receptors that act as photoreceptors. It has been recently shown that some opsins are not involved in vision but are involved in photic entrainment of the circadian rhythm (Thresher et al. 1998) . From Table 2 it seems that the bee opsin family is significantly different from that of the fly. Of the 6 known opsins in fly (Rh1-Rh6), 3 seem to lack bee homologs. In order to search for alternative opsins in the bee, we look at bee proteins that were automatically assigned the annotation 'opsin' in ProtoBee. Altogether there are 6 such proteins (Table 3) . 3 of the proteins (GB18171, GB13493 and GB19657) match the 3 known bee opsins (ultraviolet-sensitive opsin (UVOP), blue-sensitive opsin (BLOP) and long-wavelength opsin (LWOP) respectively). UVOP and BLOP are clustered with fly opsins Rh3 and Rh5. LWOP is found clustered with various arthropod rhodopsins but without any fly opsins. Surprisingly, 3 other proteins appear to be annotated as opsins. Manual inspection shows that one of these seems to be incorrectly assigned this annotation, while the other 2 show significant levels of similarity to opsins. GB19336 is clustered with fly Rh6 opsin, but also possesses a strong similarity to LWOP (64% identity by global alignment).
Furthermore, it is located less than 1 kb away from LWOP but appears on the opposite strand.
This evidence strongly suggests that this protein is a LWOP paralog which has been created by a duplication-event. Note that the existence of such a paralog in several insects has been suggested (Spaethe et al. 2004) . GB12200 is found to be clustered with several different rhodoposin proteins. While the level of similarity of this sequence to rhodopsins is relatively low but significant (32% identity, e-value 10 -40 ), its function as a rhodopsin is also supported by InterProScan. Interestingly, 2 of the 4 proteins that were found to be most similar to this sequence are encephalopsins. Encephalopsins are mammal opsins which were previously found to be specifically expressed in the mammalian brain and suggested to be non-visual opsins involved in encephalic photoreception and in photic entrainment of the circadian rhythm. In order to test whether GB12200 might have a similar function, we searched the EST database using the untranslated coding sequence of GB12200. Two matching ESTs were found (BQ103783 and BI509943), both expressed in the bee brain. Thus we suggest that GB12200 might indeed function as a non-visual opsin and might provide input for the circadian rhythm.
Pigment Dispersal Hormone
Another protein that surprisingly seems to be missing is the Pigment Dispersal Hormone (PDH). PDH has been suggested to be involved both in vision and the circadian rhythm (Park et al. 1998) . However, it is also suggested to exist in the bee and be highly conserved amongst insects (Bloch et al. 2003) . Running a BLAST search of PDH against the GLEAN3 set using the fly PDH preprotein as query finds no matching sequences. Since the experimental evidence suggested that this protein does exit, we independently searched the bee genome for a homolog of PDH, using the fly PDH preprotein. One matching sequence was found, displaying an extremely high degree of conservation (identical in all but 2 amino acids). The matching sequence matches exactly the part of the preprotein which codes for PDH itself. Apart from this region of similarity, the rest of the preprotein sequence does not have matches in the genome. In light of this strong evidence, we suggest that a homolog of PDH does exist in the bee but was missed by the computational gene prediction.
Unique bee paralogs
We proceed by examining the 9 non-singleton bee-specific clusters (Table 1) . 4 of these 9 clusters seemed to be grouped due to very weak similarity and will not be discussed further.
The 5 other clusters possess high inner similarity, and seem to be true instances of paralogs. In 3 of these clusters, the genes are also localized to the same locus, strengthening the notion of gene duplication events. Cluster 345857 consists of a group of 3 proteins that are localized to the same locus (separated by ~1.5-2.5 kb) and are predicted by InterProScan to be olfactory receptors. Cluster 391502 consists of Apamin and Mast Cell Degranulating Protein (MCDP), both constituents of the bee venom. Apamin and MCDP were previously shown to share their 3' exon (Gmachl et al. 1995) . Cluster 388340 consists of 4 proteins sharing a region of 44 amino acids which is extremely conserved (see Figure 3) . 3 of these sequences (GB16868, GB10213 and GB11167) are located on one contig with ~30-40 kb separating them from one another, and the fourth (GB19685) is found on a separate contig. Although InterPro detects no known domains on these proteins, one of the proteins seems to be coded by the recentlydiscovered csd gene (Beye et al. 2003) . The csd gene has been discovered by Beye et al. via positional cloning and was shown, by means of RNAi gene-silencing, to be directly responsible for complementary sex determination. While all of the 4 sequences found are shorter then the sequence presented by Beye et al., we attribute this to inaccurate gene prediction. We proceeded by searching for known ESTs that match the nucleotide sequence of these 4 putative proteins. One such EST (BI504011) which is expressed in the adult bee brain was found, matching GB16868 (an ungapped match of 447/448 nucleotides by local alignment). Finally, the genome was searched using the sequence of the matching EST in order to examine the possibility of other matching sequences. To our surprise, in addition to GB16868 we discovered two other sequences that matched the EST sequence with high similarity (multiple colocalized regions of similarity with 85%-95% identity, spanning ~350bp of the EST). These two additional sequences are not part of the GLEAN3 predicted gene set and seem not to be localized to the same contig as GB16868. In total, 6 putative paralogs have been found, of which one (GB16868) has evidence of actual expression. Following the gene-silencing of csd by RNAi performed in (Beye et al. 2003) , the csd gene has been suggested to be solely responsible for bee sex determination. In addition, csd was found to have several allelic variants, which were thought to govern this process (Hasselmann et al. 2004 ). While there is currently no evidence that the putative paralogs are indeed transcribed and translated, we propose that since the RNAi was designed to cope with allelic variation, it might have additionally silenced transcripts of the putative paralogs, or perhaps even paralog transcripts may have been mistaken for alleles. Phylogenic analysis was conducted in order to test whether the variation amongst alleles is greater than the difference between csd and the indicated paralogs. The analysis focused on the 44 amino acid conserved region and considered 35 allelic variants of csd and the 4 putative paralogs. The results (Figure 4 ) indicate that the variation amongst alleles is indeed large enough to support the notion of silencing of paralog transcripts.
Therefore, it is possible that this locus consists of a family of genes that function in conjunction in the process of complementary sex determination, adding a new level of complexity to the current molecular model of this process.
Discussion
Once a new genome is sequenced, there are several computational tasks that may be performed on it in order to learn about its biology. These include gene prediction, automatic annotation and comparative analyses. For each of these tasks there are several different approaches. In this paper we present a novel method that combines both the tasks of comparative analysis and automatic annotation. One unique aspect of the clustering method used by ProtoBee is the fact that it is an unsupervised method. In the supervised approach, the algorithm is typically provided with a training set of proteins known to belong to the same family and then learns common features in order to detect new members of this family. This is the most commonly used approach for machine learning of protein families. While this approach delivers extremely high performance in terms of sensitivity and specificity, it creates a heavy bias towards the detection of only that which is known and cannot detect novel protein families. In the unsupervised approach, on the other hand, the method looks for intrinsic features of the data in order to organize it, rather than being guided externally. Using an unsupervised clustering method, ProtoBee is expected to be inferior to supervised methods such as InterProScan in terms of sensitivity/specificity. Thus, we suggest using our annotation method in conjunction with supervised methods in order to provide maximal coverage and specificity. However, the method makes up for this inferiority by its ability to detect novel protein families and provide a hierarchical comparative view. One example of the power of the unsupervised approach is in the detection of a novel family of putative csd-like genes. These novel paralog sequences are not part of a known family, and thus could not be detected by supervised methods that are based on finding known families.
In contrast to the previous application of this method in ProtoNet, the focus in ProtoBee is on a whole-genome comparative view. The ability to divide the proteins into functional groups and view each group in light of 3 whole proteomes provides a unique view on the functional organization of the bee proteome in light of two other metazoan proteomes. This led us to highlight interesting groups of proteins that may be able to account for unique biological characteristics of the bee. It is important to recognize that the predictions made by this method may be in some cases lacking or mistaken. However, our goal in highlighting potentially interesting clusters is not to provide a finalized list of gene-loss function-gain events, but merely to select a subset of clusters that suggest further in-depth examination. By studying a few examples of such clusters it is evident that some of these are genuinely interesting. The purpose of the examples that we provide is to demonstrate the ability of the ProtoBee method to pinpoint interesting and often surprising biology in the genome. Obviously, these biological findings require further research in order to evaluate their significance. We expect the lists of putative gene-losses, unique function proteins and bee-specific paralogs to conceal within them many more exciting biological stories.
Methods
Sources and tools
The protein database which was clustered consisted of the SwissProt database version 41.21 For sequence comparison, NCBI BLAST (Altschul et al. 1997 ) was used for local alignment and the EMBOSS Align (Olson 2002 ) implementation of the Needleman-Wunsch algorithm (Needleman et al. 1970 ) was used for global alignment. Genomic searches were performed using ENSEMBL genomic BLAST (Hubbard et al. 2005) . EST searches were performed using NCBI BLAST against dbEST (Boguski et al. 1993) . Multiple sequence alignment was performed by CLUSTALW (Thompson et al. 1994) . Phylogenic analysis was performed using the PHYLIP package v3.65 (Felsenstein 1993) with the neighbor-joining algorithm for tree construction. Subcellular localization and mitochondrial targeting were predicted using TargetP (Emanuelsson et al. 2000) and WoLF PSORT (Nakai et al. 1999) . InterPro domain detection was performed by InterProScan (Quevillon et al. 2005) .
Protein clustering
The organization of the proteins into a set of trees is composed of four steps.
1) All-against-all BLAST. NCBI BLAST is run on all pairs of proteins, using BLOSUM62. All e-values lower than 100 are kept in a matrix. E-values higher than 100 are considered to be 100.
2) Hierarchical clustering. An agglomerative clustering procedure is applied in which all clusters start as singletons, and at each step the two clusters that have the lowest score are merged into a new cluster. The score between two clusters is defined as them arithmetic mean of the e-values from all intercluster pairs of proteins:
3) Cutoff. All clusters that are created at ProtoLevel 80 or later are eliminated in order to increase biological validity. 4) Pruning. Following the pruning method presented in (Kaplan et al. 2004 ), all clusters with a "lifetime" of less than 1 are eliminated. The rational and biological justification for pruning is discussed in (Kaplan et al. 2004) . Following this step 85579 clusters remain, organized into 18936 trees.
Protein annotation
The annotation of the bee sequences was performed in the following manner: First, we calculate for each cluster what are the annotations which best represent its proteins. In this step, all bee proteins are ignored. For an annotation to represent a cluster we require that (a) the annotation will be shared by at least 75% of the proteins in the cluster (b) the cluster will contain at least 5 proteins and (c) the annotation will achieve a p-value smaller than 0.001 for the assumption that the annotations are distributed hypergeometrically. The p-value for a cluster C and an annotation a given the database D is calculated according to the hypergeometric distribution:
where A is the set of all proteins in the database that have annotation a. These relatively strict requirements ensure that clusters that are biologically incoherent do not affect the process of assigning annotations and that uninformative annotations are avoided. The annotations that are assigned to the clusters are taken from the following sources: UniProt keywords, InterPro, GO 'molecular function' and 'biological process' terms (including the GOA mapping), and Enzyme Classification numbers. Finally, each bee protein is assigned the annotations that were given to the cluster to which it belongs and the annotations that were assigned to all the cluster's parents in the hierarchy. 
